The microwave interferometer used in the present study is capable of multiple-point displacement measurements. In this paper, a general review of the principle and capacity of such an instrument is given. The vertical displacements of the Ai-Lan bridge corresponding to ambient vibration due to traffic loads are remotely monitored . Several modal shapes of the whole bridge are precisely identified by linking the mode shapes of seven sequential measurements.
Introduction
The Ai-Lan bridge which is located at Ai-Lan, Nan-Tau County, is the first extradosed bridge in Taiwan. The extradosed bridge has spans longer than those of the conventional prestressed box girder bridge and is partly supported by the stay cables extended from the pylons with height much less than the conventional cable-stayed bridge. For Ai-Lan bridge, there are two pylons and 72 stay cables supporting the 300 m long box girder bridge with three spans (80 m-140 m-80 m), as shown in Fig.  1(a) . The dynamic performance of this unconventional structural system subjected to traffic loadings is worth of exploring. As the cables anchored to the deck with a smaller angle, the cable forces contribute more on prestressing the decking system rather than supporting the live load. [1] As a result, the fluctuation of cable stress due to live load is insignificant and the fatigue problem of the cables is minimized.
A microwave sensor, named IBIS-S shown in Fig. 1(b) was used for monitoring the dynamic characteristics of the super-structure of the Ai-Lan bridge. The equipment can simultaneously measure the deflection of several points of a structure without making contacts with the bridge with an accuracy up to 0.02 mm. The maximum scanning rate and the operating distance are 200 Hz, and 500 m, respsectively. Details on the working principle of the equipment can be found in the following section.
In present study, the vertical deflections of the deck due to the ambient vibration triggered by traffic loads were measured by IBIS-S. Several modal frequencies, mode shapes and damping ratio were identified and compared to the ones obtained from the finite-element model.
Introduction of the IBIS-S measurement system
The IBIS-S (Image by Interferometric Survey) system is a ground based microwave interferometer with 1-D imaging capabilities for remote measurements of displacements. Based on a continuous-wave step-frequency radar [2] . The sensor transmits continuous waves at stepwise discrete frequencies and composes a synthetic bandwidth B at a constant frequency interval ∆f. The echo signals provide images with a resolution of ∆R, which can be decided by Eq. (1) with c as the speed of light.
Targets in the illuminated scenario can be resolved with a constant range resolution ∆R independent to the target distance.
The resolution of displacement is decided by the phase of the echo signals. Every sample of every range bin, which is defined as range resolution area, has an information in amplitude |I(n)| and phase φ n . Two images acquired at different times exhibit phase differences (∆ϕ) depending on the motion of the targets along the radar line-of-sight. The range displacement ∆r can be calculated from Eq. (2) with fc as the band center frequency.
To avoid the phase ambiguity, the maximum displacement measurable between two consecutive acquisition is mm 38 . 4 4 / = ± λ . For bridge measurement, as shown in Fig. 1(c) the instrument is usually placed under the bridge deck to avoid the severe phase ambiguity of the radar echoes produced by vehicles movement on the upper deck. Because the displacement is measured in the direction of the line of sight of the system, the vertical movement of bridge is obtained by Eq. (3) with known vertical distance between the instrument and the bottom of the bridge deck (h). In Eq. (3) the distance R is directly measured by IBIS-S.
The Ai-Lan bridge which is located at Ai-Lan, Nan-Tau County, is the first extradosed bridge in Taiwan. The extradosed bridge has spans longer than those of the conventional prestressed box girder bridge and is partly supported by the stay cables extended from the pylons with height much less than the convention R h d dp α (a) (b) (c) Fig. 1 (a) The Ai-Lan bridge of Nan-Tau County in Taiwan; (b) The IBIS-S Meansurement System ; (c) The instrumental set-up for bridge measurement
Box girder measurement
During the test, the microwave sensor was placed on the ground directly beneath the edge of the bridge deck with the transmitting cone tilting up. (Fig. 2(a) ). Without distinct measuring targets on the bottom surface of the box girder, average 22 triangular-corner reflectors, generally 2 m apart, were fastened to the top of bridge curb as shown in Fig. 2(b) and (c) . Due to the length of bridge, there are seven measurement performed in the investigation as shown in Fig. 3 . The dynamic vertical displacements of the reflectors generated by the through traffics were then measured by the sensor. The sampling frequency is 165.04 Hz and the total recording length for each measurement is 20 minutes.
The test was performed under the regular operational condition. An output-only modal identification technique, called Frequency Domain Decomposition (FDD) [3] , is used to extract the modal parameters of the decking system from the signal of vertical displacement of the reflectors. In the FDD method, singular value decomposition (SVD) is performed on the spectral matrix obtained from the auto and cross spectral densities of the displacement signals. In the spectrum composed by the largest singular values, the dominant peaks usually correspond to the vibrational modes of the structure. The modal frequencies and the shapes can be obtained from the peak frequencies and the corresponding singular vectors.
(a) (b) (c) Fig. 2 (a) The test setup for box girder measurement ; (b) triangular-corner reflectors ; (c) triangular-corner reflectors
Fig. 3 The position of IBIS-S test lines on the Ai-Lan bridge
In present study, the test data was analyzed by the software ARTeMIS in which the FDD algorithm is implemented. The SVD spectra for the largest singular values for test lines 1 and 4 are shown in Fig.  4(a) and (b) , respectively. The modal frequencies at 0.85 and 2.11 kHz can be found for both spectra. The identified modal frequencies for all the test lines are summarized in Table 1 . The singular vectors for the high-amplitude peaks labeled with their frequencies were obtained and compared with the mode shapes identified by the finite-element model constructed by [4] . There are three possible modes and two torsional modes been identified. The 1 st mode and 2 nd mode as shown in Fig. 5 , which mostly correspond to the flexural modes of the bridge. In the figures, the modal displacement composed by the reflectors are consistent with the FEM model. 
Conclusions
A newly developed non-contact technique has been applied to access the dynamic characteristics of an extradosed bridge. The vertical displacements of the main components of the Ai-Lan bridge, stay cables and prestressed box girder, were measured by the IBIS-S microwave interferometer. Several mode shapes and the corresponding modal frequencies were identified. It is proved the equipment has the ability to identify the precise modal shapes of the whole bridge by connecting the test results corresponding to seven test lines. The test setup is speedy -within half an hour. The prestressed concrete box-girder was monitored with the corner reflectors placing along the side curb of the bridge deck. The microwave interferometer provides a quick way to access the condition of the bridge periodically or after nature catastrophe.
